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Abstract
To describe the differences in knee structure and non-knee
structural factors between offspring having at least one parent
with a total knee replacement for severe primary knee
osteoarthritis and age- and sex-matched controls with no family
history of knee osteoarthritis, a population-based longitudinal
study of 163 matched pairs (mean age 45 years, range 26 to
61) was performed at baseline and about 2 years later. Knee
cartilage defect score (0 to 4), cartilage volume and bone size
were determined with T1-weighted fat saturation magnetic
resonance imaging. Body mass index (BMI), lower-limb muscle
strength, knee pain, physical work capacity at 170 beats/minute
(PWC170) and radiographic osteoarthritis were measured by
standard protocols. In comparison with controls, offspring had
higher annual knee cartilage loss (-3.1% versus -2.0% at medial
tibial site, -1.9% versus -1.1% at lateral tibial site and -4.7%
versus -3.7% at patellar site, all P < 0.05), a greater increase in
medial cartilage defect score (+0.15 versus -0.01, P < 0.05)
and a greater decline in PWC170 (-0.7 watts/kg versus -0.4
watts/kg, P < 0.01). There were no significant differences in
change in BMI, lower-limb muscle strength, knee pain or tibial
bone area between these two groups; however, the differences
in knee cartilage loss and cartilage defect change decreased in
magnitude and became non-significant after adjustment for
baseline cartilage volume, tibial bone area, BMI and knee pain.
This longitudinal study suggests that knee cartilage loss, change
in cartilage defects and decrease in physical fitness all have
roles in the development of knee osteoarthritis, which is most
probably polygenic but may reflect a shared environment.
Importantly, the cartilage changes are largely dependent on
baseline differences in cartilage volume, tibial bone area, BMI
and knee pain, suggesting that these factors might have a role
in their initiation.
Introduction
Knee osteoarthritis (OA) is a slowly developing chronic dis-
ease that has a multifactorial origin. Although several environ-
mental factors including obesity, acute joint injury and
occupational factors are important in its pathogenesis [1], a
modest but significant genetic effect for knee radiographic
osteoarthritis (ROA) has been reported in most studies [2-6]
although the actual genes and mechanisms underlying this
association are uncertain. A limitation of these studies is that
radiographic measurement used in most of them provides only
a broad-brush view of joint pathology because of its two-
dimensional nature, semi-quantitative scoring system and/or
inherent measurement error. Magnetic resonance imaging
(MRI) can visualize knee joint structure directly and is recog-
nised as a valid, accurate and reproducible tool for measuring
knee cartilage volume [7-9], tibial bone surface area [7,10]
and cartilage defects [11] and therefore has the potential to
delineate early structural change in the knee. Recent data from
our case control study suggested greater medial tibial bone
area [12] and both more prevalent and more severe knee car-
tilage defects [13] but no difference in knee cartilage volume
[12] in the offspring of individuals with severe knee OA in later
life compared with controls, whereas tibial bone surface area
[14], knee cartilage defects [13] and cartilage volume [14,15]
have significant heritability in twin and sibling-pair studies.
These results suggest that increases in tibial bone area and
cartilage defects may be under genetic control. In contrast,
cartilage volume is not an initiating factor even given cartilage
loss is a key factor in established OA [16].Page 1 of 8
(page number not for citation purposes)
BMI = body mass index; CI = confidence interval; MRI = magnetic resonance imaging; OA = osteoarthritis; PWC170 = physical work capacity at 
170 beats/minute; ROA = radiographic osteoarthritis.
Arthritis Research & Therapy    Vol 8 No 1    Ding et al.Non-knee structural components such as higher body mass
index (BMI) and lower-limb muscle strength [12,14] might also
have a role in the genetics of knee OA, although Manek and
colleagues have suggested that obesity and OA are under
separate genetic control [17]. It is unclear what the role of
physical fitness is. The aim of this population-based longitudi-
nal study was therefore to describe the two-year change in
knee structure and non-knee structural factors between off-
spring having at least one parent with a total knee replacement
for severe primary knee OA, and age- and sex-matched con-
trols with no family history of knee OA.
Materials and methods
Subjects
This study was performed in southern Tasmania, primarily in
the capital city of Hobart. The initial measurements were made
during the period from June 2000 to December 2001, and the
follow-up was conducted about two years later. Subjects were
selected from two sources, as described previously [12]. Half
(n = 163) of the 326 subjects were the adult children (off-
spring) of patients who had had a knee replacement per-
formed for primary knee osteoarthritis at any Hobart hospital
during the years 1996 to 2000. This diagnosis was confirmed
by reference to the medical records of the orthopaedic sur-
geon and the original radiograph where possible. The family
structure of each of the 163 offspring ranged through one off-
spring per family (n = 48), two offspring per family (35 families,
n = 70), three offspring per family (9 families, n = 27), four off-
spring per family (3 families, n = 12) and six offspring per fam-
ily (1 family, n = 6). The other half were controls selected at
random from the most up-to-date version at the time (2000) of
the roll of persons registered to vote in Southern Tasmania, a
comprehensive population listing, and individually matched to
cases by sex and to within 5 years of age. Those selected were
eligible to participate if they had no parent with either a history
of symptomatic knee OA or a knee replacement for OA.
To maximise data usefulness and minimise dropouts we
rematched 15 of the original pairs according to age and sex.
Subjects from either group were excluded on the basis of con-
traindication to MRI (including metal sutures, presence of
shrapnel, iron filings in the eye and claustrophobia). No women
were on hormone replacement therapy at the time of the study
and medication use was uncommon. This study was approved
by the Southern Tasmanian Health and Medical Human
Research Ethics Committee, and all subjects provided
informed written consent.
Anthropometrics
Weight was measured to the nearest 0.1 kg (with shoes,
socks and bulky clothing removed) with a single pair of elec-
tronic scales (Seca Delta Model 707), which were calibrated
with a known weight at the beginning of each clinic. Height
was measured to the nearest 0.1 cm (with shoes and socks
removed) with a stadiometer. BMI (kg/m2) was calculated.
Knee pain at baseline was assessed by questionnaire and was
defined as pain for more than 24 hours in the past 12 months
or daily pain on more than 30 days of the last year. Among the
subjects with no knee pain at baseline, knee pain (on flat sur-
face, going up or down stairs, at night, sitting or lying, and
standing upright) was assessed by self-administered ques-
tionnaire with the WOMAC (Western Ontario and McMaster
Universities Osteoarthritis) index, which ranges from 0 (no
pain) to 9 (most severe pain) two years later. Incident knee
pain was defined as having occurred if the total score (range
0 to 45) exceeded zero.
Objective measures of physical activity included measurement
of muscle strength by dynamometry at the lower limb (involving
both legs simultaneously). The subject was instructed in each
technique before testing and each measure was performed
twice. Repeatability estimates (Cronbach's α) were 0.91. The
devices were calibrated by suspending known weights at reg-
ular intervals. Physical work capacity was also assessed with
a bicycle ergometer [18]. Subjects were asked to cycle at a
constant 60 r.p.m. for 3 minutes at three successively increas-
ing but submaximal workloads. Heart rate was recorded, with
an electric heart-rate monitor, at 1 minute intervals at each
workload. Physical work capacity at 170 beats/minute
(PWC170) was estimated by extrapolating the line of best fit
to the three submaximal heart-rate-work-capacity data points
to estimate PWC170. The PWC170 was not considered a
technically adequate measure unless subjects had spent a
minimum of 2 minutes at each workload and the pulse rate
increased by at least 5 beats/minute with increasing work-
loads. Repeatability was not assessed in our subjects but has
previously been reported to be as high as 0.92 [18].
X-ray
A standing anteroposterior semiflexed view of the right knee
was performed in all subjects at baseline and scored individu-
ally for osteophytes and joint space narrowing as described
previously [19].
Knee cartilage volume measurement
MRI scans of the right knees were performed in the cross-sec-
tional and follow-up study. Knees were imaged in the sagittal
plane on a 1.5 T whole-body magnetic resonance unit (Picker)
with use of a commercial transmit-receive extremity coil. The
following image sequence was used: a T1-weighted fat satu-
ration three-dimensional gradient recall acquisition in the
steady state; flip angle 55°; repetition time 58 ms; echo time
12 ms; field of view 16 cm; 60 partitions; 512 × 512 matrix;
acquisition time 11 minutes 56 s; one acquisition. Sagittal
images were obtained at a partition thickness of 1.5 mm and
an in-plane resolution of 0.31 × 0.31 (512 × 512 pixels). Knee
cartilage volume was determined by image processing on an
independent workstation using Osiris (University of Geneva)
as described previously [7]. The volumes of individual cartilage
plates (medial tibial, lateral tibial and patella) were isolatedPage 2 of 8
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tours around the cartilage boundaries on a section by section
basis. These data were then resampled by means of bilinear
and cubic interpolation (area of 312 µm × 312 µm, 1.5 mm
thickness; continuous sections) for the final three-dimensional
rendering. The volume of the particular cartilage plate was
then determined by summing all the pertinent voxels within the
resultant binary volume.
Femoral cartilage volume was not assessed because we have
published that two tibial sites and the patella site are corre-
lated strongly with this site [20]. Using this method we had
high intraobserver and interobserver reproducibility. The coef-
ficient of variation for cartilage volume measures was 2.1% for
medial tibial, 2.2% for lateral tibial and 2.6% for patella [7].
Knee bone size measurement
Knee tibial plateau bone area and patellar bone volume were
determined by means of image processing on an independent
workstation using Osiris as described previously [7,10]. To
transform the images to the axial plane, the Analyse Software
package developed by the Mayo Clinic was employed. The
coefficients of variation for these measures in our hands are
2.2 to 2.6% [7].
Assessment of cartilage defects
Cartilage defects were graded as described previously [11]
on two occasions of MRI sagittal scans at medial tibial, lateral
tibial and patellar sites as follows: grade 0, normal cartilage;
grade 1, focal blistering and intracartilaginous low-signal
intensity area with an intact surface and bottom; grade 2, irreg-
ularities on the surface or bottom and loss of thickness of less
than 50%; grade 3, deep ulceration with loss of thickness of
more than 50%; grade 4, full-thickness chondral wear with
exposure of subchondral bone. The cartilage was considered
to be normal if the band of intermediate signal intensity had a
uniform thickness. The cartilage defects were regraded 1
month later and the average scores of cartilage defects at
medial tibiofemoral (0 to 8), lateral tibiofemoral (0 to 8) and
patellar (0 to 4) sites were used in the study. Intraobserver reli-
ability (expressed as intraclass correlation coefficient) was
0.89 to 0.94 and interobserver reliability was 0.85 to 0.93
[11].
Data analysis
Rates of change in cartilage volume were calculated both as
the absolute change per annum, (v1 - v0)/t, and as the percent-
age change per annum, 100(v1 - v0)/v0t, where v0 is cartilage
volume at baseline, v1 is cartilage volume at follow-up and t is
the time between scans in years.
A combination of paired t tests, McNemar tests and linear
regression were used for the analyses of this matched dataset.
To take the relatedness of offspring subjects into account,
family clusters of offspring–control pairs with related offspring
were identified, and robust variance estimates based on the
clustering were obtained. This method relaxed the untenable
assumption that all offspring–control pairs were independent
and required only that the family clusters were independent.
The robust standard errors, which in nearly every case were
substantially larger than estimates ignoring the clustering,
were used to calculate the 95% confidence intervals (CIs)
reported. The selection of covariates used in multivariable
analyses was determined by a need to understand possible
mechanisms of effect. All factors that were different at base-
line (BMI, muscle strength, knee pain, chondral defects and
tibial bone area) were automatically included [12,13]. Other
factors that were considered biologically important, such as
cartilage volume, were also included.
For the regression analyses, differences between offspring
and control in annual changes in knee structure and non-knee
structural factors were calculated and regressed on differ-
ences at baseline in knee cartilage volume or cartilage defect
scores, BMI, prevalence of knee pain, knee bone size, lower-
limb muscle strength and ROA. We routinely checked to
determine whether model fit was significantly improved by
adding product terms between pairs of predictors, and
included those that were. There was no collinearity between
chondral defects and cartilage volume. The differences in
annual changes in cartilage volume and changes in cartilage
defect scores were further adjusted for each other. Standard
diagnostic checks of model fit and residuals were made rou-
tinely, and data points with large residuals and/or high influ-
ence were investigated for data errors (but we did not exclude
any subjects, because all corrected values were considered
plausible). A 10% change in the coefficient after adjustment
for a variable was accepted as providing evidence of a factor
acting as an intermediate variable. P < 0.05 (two-tailed) or a
95% CI not including the null point was regarded as statisti-
cally significant. Adjustment for multiple comparisons was not
performed. All statistical analyses were performed with STATA
version 8.0 (Statistical Software, Release 8, 2003; Stata Cor-
poration, College Station, TX, USA).
Results
A total of 326 subjects (136 males, 190 females) comprising
163 offspring and 163 age- and sex-matched controls com-
pleted the study (87% of those originally studied). There were
no significant differences at baseline in any factor between
completers and non-completers (data not shown). This was a
young sample with an average age of 45 years (range 26 to
61) at baseline. The average time between visits was 2.3 years
(range 1.8 to 2.6). Characteristics of the subjects are pre-
sented in Table 1. Offspring were heavier than controls at
baseline, with less lower-limb muscle strength and a greater
prevalence of knee pain, but the changes in these factors dur-
ing follow-up were similar. There was no difference in
PWC170 at baseline between the two groups, but offspringPage 3 of 8
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up.
Table 2 documents the differences in rate of change in carti-
lage volume and tibial bone area, and changes in cartilage
defect scores, between offspring and controls. In offspring,
absolute loss in medial tibial and total cartilage volume per
annum, percentage loss in medial tibial, lateral tibial, patellar
and total cartilage volume per annum and change in medial
cartilage defect score were significantly higher than in controls
(all P < 0.05). In contrast, no significant differences between
offspring and controls were observed in changes in tibial bone
area.
Table 3 details the multivariable analyses for differences
between offspring and controls. After adjustment for differ-
ences in baseline cartilage volume, the differences in percent-
age changes in medial and lateral tibial cartilage volume
became non-significant and decreased by 27% and 30%,
respectively, whereas the difference in percentage change in
patellar cartilage volume remained unchanged. The differ-
ences in percentage changes in cartilage volume decreased in
magnitude and became non-significant after adjustment for
differences in BMI (19 to 24%), knee pain (13 to 30%), corre-
sponding bone size (27 to 40% for changes in tibial and total
cartilage volume) and changes in corresponding cartilage
defect scores (23 to 33% for changes in medial tibial, patellar
and total cartilage volumes), respectively. In total, the coeffi-
cients for percentage change in cartilage volume decreased
by 44 to 75% after adjustment for all of the above factors.
The differences in medial tibial, patellar and total cartilage
defect changes increased and/or became significant after
adjustment for differences in baseline cartilage defect scores
(Table 3). However, these differences decreased in magnitude
after adjustment for differences in baseline BMI (14 to 22%),
knee pain (12 to 19% for change in medial and total cartilage
defects), corresponding bone size (11 to 38%) and changes
in corresponding cartilage volume (44 to 58%).
The difference in change in physical work capacity (β = -0.29,
95% CI -0.50, -0.09) decreased in magnitude after adjustment
for baseline physical work capacity (β = -0.20, 95% CI -0.35,
-0.04), BMI (β = -0.21, 95% CI -0.42, +0.01) and knee pain
(β = -0.26, 95% CI -0.48, -0.03). The difference was
increased slightly by adjustment for change in BMI (β = -0.31,
95% CI -0.51, -0.11). After adjustment for the difference in
change in physical work capacity, the coefficients for change
in knee cartilage volume decreased by between 28% and
58%.
Results were largely unchanged after adjustment for lower-
limb muscle strength, past knee injury and ROA (data not
shown).
Discussion
This is the first longitudinal study to examine differences in
knee structural components and physical measures between
offspring of those with severe knee OA in later life and popu-
lation controls without this history. Offspring had higher rates
of knee cartilage loss in all compartments, more cartilage
Table 1
Characteristics of participants (n = 326)
Characteristic Offspring (n = 163) Controls (n = 163) P
Values at baseline (2000–2001)
Age (years) 45.1 ± 6.5 45.2 ± 6.5 0.87
Height (cm) 169 ± 8 169 ± 9 0.84
Weight (kg) 80 ± 16 75 ± 14 0.04
BMI (kg/m2) 27.9 ± 5.1 26.2 ± 4.3 0.02
Prevalence of knee pain (%) 47 22 <0.01a
Lower-limb muscle strength (kg) 127 ± 49 135 ± 50 0.006
PWC170 (W/kg) 2.94 ± 1.13 2.91 ± 0.99 0.77
Change during two-year follow-up
Change in weight (kg) 1.2 ± 4.4 1.3 ± 5.0 0.89
Change in BMI (kg/m2) 0.6 ± 1.5 0.7 ± 1.8 0.58
Incidence of knee pain (%) 47 41 0.35a
Change in lower-limb muscle strength (kg) -8.5 ± 24.6 -10.7 ± 28.0 0.47
Change in PWC170 (W/kg) -0.7 ± 1.0 -0.4 ± 0.9 <0.01
Where errors are shown, results are means ± SD. BMI, body mass index; PWC170, physical work capacity at 170 beats/minute. aMcNemar tests; 
others are paired t tests.Page 4 of 8
(page number not for citation purposes)
Available online http://arthritis-research.com/content/8/1/R8defect development in medial tibiofemoral and patellar com-
partments and a greater decline in physical work capacity than
controls during two years. Interestingly, these differences
seemed largely to be mediated with differences in baseline
cartilage measures, tibial bone area, BMI and knee pain.
Cartilage loss is the hallmark of established OA, and 60% of
cartilage is lost by end-stage knee OA [21,22]. Cartilage loss
is of the order of 5% per annum in established knee OA [16]
and is a predictor of knee replacement [22]. However,
relatively little is known about the determinants of cartilage
loss. Our cross-sectional study found a non-significant trend
to higher tibial cartilage volume in the offspring of those with
severe knee OA compared with controls [12]. Our method
cannot distinguish normal from swollen cartilage at a given
point in time but this suggests that cartilage volume may
increase in the early stages of OA due to cartilage swelling
[23] and led us to speculate there would be a higher rate of
cartilage loss in the offspring over time [12]. This was con-
firmed by the present study, in which there was a consistently
higher rate of cartilage loss in all knee compartments. This is
consistent with our recent observation in sibling pairs that the
rate of cartilage loss had high heritability, especially at the
medial tibial site [24]. The magnitude of these differences in
cartilage loss was substantial and of clinical significance: for
example, if rates of loss are constant it can be estimated that
controls at mid-life will lose the amount of medial tibial carti-
lage required to reach end-stage OA in 30 years, but this dete-
rioration will take only 19 years for offspring. These differences
in medial and lateral tibial cartilage loss decreased and
became non-significant after adjustment for differences in
baseline cartilage volume, suggesting that early swelling of
cartilage will be followed by higher rates of tibial cartilage loss
over time.
Knee cartilage defects are very common [11] but little is
known about their relevance, causes or natural history. We
have reported in a cross-sectional study that age [25], BMI
[26], ROA, decreased cartilage volume and increased urinary
levels of type II collagen breakdown [11] are associated with
the prevalence and severity of knee cartilage defects, suggest-
ing an important role for knee cartilage defects in early knee
OA. In the initial cross-sectional comparison we reported a
higher prevalence and severity of cartilage defects in offspring
[13]. Consistent with this, the present study found more knee
cartilage defect development in offspring in medial, patellar
and total compartments. The change in knee cartilage defects
was shared in part with the change in knee cartilage volume,
which is not unexpected. Again, these changes were depend-
ent on initial differences, especially increased tibial surface
area, suggesting that this might initiate cartilage defects.
Subchondral bone is important in the initiation and progres-
sion of knee OA [27,28]. We have reported that subchondral
Table 2
Comparison of annual change knee structure between offspring and controls
Parameter Annual change P
Offspring Controls
Medial tibial cartilage volume (mm3) -74 ± 88 -51 ± 103 0.027
Lateral tibial cartilage volume (mm3) -52 ± 88 -35 ± 98 0.115
Patellar cartilage volume (mm3) -167 ± 137 -138 ± 153 0.059
Total cartilage volume (mm3) -292 ± 246 -225 ± 284 0.023
Medial tibial cartilage volume (%) -3.1 (3.6) -2.0 (4.5) 0.019
Lateral tibial cartilage volume (%) -1.9 (3.1) -1.1 (3.7) 0.045
Patellar cartilage volume (%) -4.7 (3.7) -3.7 (3.8) 0.019
Total cartilage volume (%) -3.4 (2.7) -2.5 (3.1) 0.009
Medial cartilage defect score 0.15 ± 0.70 -0.01 ± 0.64 0.031
Lateral cartilage defect score 0.02 ± 0.65 0.02 ± 0.76 0.937
Patellar cartilage defect score 0.25 ± 0.67 0.16 ± 0.64 0.213
Total cartilage defect score 0.42 ± 1.42 0.16 ± 1.50 0.100
Medial tibial bone area (mm2) 10 ± 38 8 ± 30 0.607
Lateral tibial bone area (mm2) 0.0 ± 27 -0.5 ± 43 0.905
Medial tibial bone area (%) 0.6 (2.0) 0.4 (1.7) 0.411
Lateral tibial bone area (%) 0.1 (3.6) -0.0 (2.3) 0.682
Where errors are shown, results are means ± SD. Numbers in parentheses are also SD.Page 5 of 8
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markedly increased in subjects with osteophytes [19] and cor-
related with the prevalence and severity of knee cartilage
defects [11]. Tibial bone area is also heritable mainly through
body size [14], and baseline medial tibial bone area was mod-
estly but significantly higher in the offspring of those with
severe knee OA in comparison with controls [12]. In this lon-
gitudinal study we found no significant change in both medial
and lateral tibial bone area in offspring. This might actually be
true or might reflect measurement error in the assessment of
change in knee bone size over a relatively short study period.
However, baseline tibial bone area differences were relevant
for both cartilage volume and defect changes over time, sug-
gesting that early subchondral bone expansion can partly
explain the genetic contribution to cartilage loss and the devel-
opment of cartilage defects.
As reported previously [12], offspring weighed more, had a
higher BMI, weaker lower-limb muscle strength and a higher
prevalence of knee pain at baseline. This suggests to us that
these factors might also contribute to genetic mechanisms of
knee OA but might also have been due to selection bias (see
below). During two years of follow-up we failed to confirm
these changes, despite a greater decrease in cartilage volume
and greater increase in cartilage defects in offspring com-
pared with controls. However, adjusting for baseline differ-
ences in BMI and prevalent knee pain suggested that these
factors did explain some of the changes in cartilage. Further-
more, this study cannot exclude the possibility of an explana-
tion involving physical activity and fitness, because we found
that offspring had a higher rate of decrease in PWC170 than
controls, and adjusting for offspring–control differences in
change in PWC170 greatly reduced the estimated offspring–
control differences in loss of cartilage volume. Previous stud-
ies have shown that PWC170, a measure of cardiorespiratory
fitness, is associated with obesity [29] and bone mineral den-
sity at the femoral neck and spine [30] in girls, but the role of
PWC170 in the pathogenesis of knee OA is novel. The off-
spring–control difference in this change was dependent on
differences in baseline BMI and knee pain, suggesting the
genetic contribution to BMI and knee pain is also relevant to
the genetic contribution to change in physical fitness.
This study has several potential limitations. First, the two years
of follow-up in this study may have been too short to enable us
to detect the hypothesised differences in change in BMI,
lower-limb muscle strength and knee pain. A study with a
longer period of follow-up might be required for this. Second,
the low rate of participation by controls in this study (40% at
baseline) raises the possibility that selection bias might have
obscured the hypothesised changes. Although loss to follow-
up is not of major concern because participation at follow-up
was high (87%), we have previously [12] cautioned that the
offspring–control differences observed at baseline might be
Table 3
Multivariable analyses of differences between offspring and controls in changes in cartilage measures
Outcome factor Univariable 
analysis
β and 95% confidence interval
Cartilagea Cartilagea and 
BMI
Knee pain Bone sizeb Other 
outcomec
All factors
Differences in annual change in cartilage volume
Medial tibial (%) -1.06 
(-2.01,-0.10)
-0.77 
(-1.61,+0.08)
-0.62 
(-1.46,+0.23)
-0.89 
(-1.88,+0.10)
-0.64 
(-1.60,+0.31)
-0.71 
(-1.57,+0.15)
-0.27 
(-1.14,+0.60)
Lateral tibial (%) -0.79 
(-1.60,-0.00)
-0.55 
(-1.32,+0.21)
-0.44 
(-1.22,+0.33)
-0.55 
(-1.43,+0.33)
-0.52 
(-1.33,+0.29)
-0.75 
(-1.59,+0.07)
-0.32 
(-1.21,+0.56)
Patellar (%) -0.98 
(-1.83,-0.12)
-0.96 
(-1.78,-0.15)
-0.74 
(-1.56,+0.09)
-0.85 
(-1.76,+0.06)
-1.01 
(-1.87,-0.17)
-0.75 
(-1.56,+0.06)
-0.55 
(-1.37,+0.26)
Total (%) -0.86 
(-1.54,-0.17)
-0.71 
(-1.33,-0.10)
-0.54 
(-1.17,+0.09)
-0.69 
(-1.40,+0.02)
-0.63 
(-1.34,+0.07)
-0.60 
(-1.23,+0.04)
-0.28 
(-0.94,+0.38)
Differences in annual change in cartilage defects
Medial (number) 0.16 
(0.00,0.32)
0.22 
(0.07,0.38)
0.19 
(0.05,0.34)
0.13 
(-0.04,+0.31)
0.11 
(-0.06,+0.27)
0.09 
(-0.05,+0.23)
0.11 
(-0.04,+0.26)
Patella (number) 0.09 
(-0.05,+0.24)
0.14 
(0.00,0.29)
0.12 
(-0.03,+0.26)
0.09 
(-0.06,+0.25)
0.08 
(-0.06,+0.23)
0.05 
(-0.09,+0.20)
0.07 
(-0.07,+0.22)
Total (number) 0.26 
(-0.06,+0.59)
0.41 
(0.06,0.76)
0.32 
(-0.01,+0.66)
0.23 
(-0.12,+0.59)
0.16 
(-0.17,+0.48)
0.11 
(-0.19,+0.40)
0.19 
(-0.13,+0.50)
Bold denotes statistical significance. aAdjusted for differences at baseline in cartilage volume (analyses of differences in change in cartilage 
volume) or in cartilage defects (analyses of differences in change in cartilage defects); badjusted for differences at baseline in bone size at this 
site; cadjusted for differences at baseline in annual change in cartilage defects (analyses of differences in change in cartilage volume) or in annual 
change in cartilage volume (analyses of differences in change in cartilage defects).Page 6 of 8
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viduals who participated because they were unusually inter-
ested in their health. Third, we did not have radiographic
measurement for the follow-up study. While X-ray is the gold
standard for the definition of OA (in combination with pain),
changes occur slowly, possibly because they are being greatly
diluted by measurement error. This, combined with the young
age and low prevalence of ROA in this sample, led us to elect
not to perform follow-up radiographs in this study. Further-
more, adjustment for baseline ROA did not alter the results,
suggesting that it might not be an ideal measure in early dis-
ease anyway. Fourth, measurement error may influence
results. However, knee cartilage volume, scoring of cartilage
defects and measurements of bone size are all highly repro-
ducible, suggesting that this is unlikely. Finally, some of the off-
spring were related. We took this into account in analysis, but
their relatedness reduced our power to detect changes over
time.
Conclusion
This longitudinal study suggests that knee cartilage loss,
change in cartilage defects and decrease in physical fitness all
have roles in the development of knee OA, which is most prob-
ably polygenic but might reflect shared environment. Impor-
tantly, the cartilage changes are largely dependent on baseline
differences in cartilage volume, tibial bone area, BMI and knee
pain, suggesting that these factors might have a role in their
initiation.
Competing interests
The authors declare that they have no competing interests.
Authors' contributions
GJ, FC and CD participated in the design of the study. CD per-
formed the measurement of cartilage volume, cartilage defects
and bone size and drafted the manuscript. CD and LB per-
formed the statistical analysis. GJ, FC and LB reviewed the
manuscript. All authors read and approved the final
manuscript.
Acknowledgements
Special thanks are owed to the subjects and orthopedic surgeons who 
made this study possible. The role of C Boon in coordinating the study 
is gratefully acknowledged. We thank Martin Rush for performing the 
MRI scans, Kevin Morris for technical support and Stephen Quinn for 
help with statistics. This work was supported by the National Health and 
Medical Research Council of Australia and the Masonic Centenary Med-
ical Research Foundation.
References
1. Felson DT, Lawrence RC, Dieppe PA, Hirsch R, Helmick CG, Jor-
dan JM, Kington RS, Lane NE, Nevitt MC, Zhang Y, et al.: Osteoar-
thritis: new insights. Part 1: the disease and its risk factors.  Ann
Intern Med 2000, 133:635-646.
2. Spector TD, Cicuttini F, Baker J, Loughlin J, Hart D: Genetic influ-
ences on osteoarthritis in women: a twin study.  BMJ 1996,
312:940-943.
3. Kujala UM, Leppavuori J, Kaprio J, Kinnunen J, Peltonen L, Kosken-
vuo M: Joint-specific twin and familial aggregation of recalled
physician diagnosed osteoarthritis.  Twin Res 1999,
2:196-202.
4. Bijkerk C, Houwing-Duistermaat JJ, Valkenburg HA, Meulenbelt I,
Hofman A, Breedveld FC, Pols HA, van Duijn CM, Slagboom PE:
Heritabilities of radiologic osteoarthritis in peripheral joints
and of disc degeneration of the spine.  Arthritis Rheum 1999,
42:1729-1735.
5. Hirsch R, Lethbridge-Cejku M, Hanson R, Scott WW Jr, Reichle R,
Plato CC, Tobin JD, Hochberg MC: Familial aggregation of oste-
oarthritis: data from the Baltimore Longitudinal Study on
Aging.  Arthritis Rheum 1998, 41:1227-1232.
6. Chitnavis J, Sinsheimer JS, Clipsham K, Loughlin J, Sykes B, Burge
PD, Carr AJ: Genetic influences in end-stage osteoarthritis.
Sibling risks of hip and knee replacement for idiopathic
osteoarthritis.  J Bone Joint Surg Br 1997, 79:660-664.
7. Jones G, Glisson M, Hynes K, Cicuttini F: Sex and site differ-
ences in cartilage development: a possible explanation for
variations in knee osteoarthritis in later life.  Arthritis Rheum
2000, 43:2543-2549.
8. Eckstein F, Winzheimer M, Hohe J, Englmeier KH, Reiser M: Inter-
individual variability and correlation among morphological
parameters of knee joint cartilage plates: analysis with three-
dimensional MR imaging.  Osteoarthritis Cartilage 2001,
9:101-111.
9. Peterfy CG, van Dijke CF, Janzen DL, Gluer CC, Namba R, Majum-
dar S, Lang P, Genant HK: Quantification of articular cartilage in
the knee with pulsed saturation transfer subtraction and fat-
suppressed MR imaging: optimization and validation.  Radiol-
ogy 1994, 192:485-491.
10. Ding C, Cicuttini F, Scott F, Glisson M, Jones G: Sex differences
in knee cartilage volume in adults: role of body and bone size,
age and physical activity.  Rheumatology (Oxford) 2003,
42:1317-1323.
11. Ding C, Garnero P, Cicuttini F, Scott F, Cooley H, Jones G: Knee
cartilage defects: association with early radiographic osteoar-
thritis, decreased cartilage volume, increased joint surface
area and type II collagen breakdown.  Osteoarthr Cartilage
2005, 13:198-205.
12. Jones G, Ding C, Scott F, Cicuttini F: Genetic mechanisms of
knee osteoarthritis: a population-based case control study.
Ann Rheum Dis 2004, 63:1255-1259.
13. Ding C, Cicuttini F, Scott F, Stankovich J, Cooley H, Jones G: The
genetic contribution and relevance of knee cartilage defects:
case-control and sib-pair studies.  J Rheumatol 2005,
32:1937-42.
14. Zhai G, Stankovich J, Ding C, Scott F, Cicuttini F, Jones G: The
genetic contribution to muscle strength, knee pain, cartilage
volume, bone size and radiographic osteoarthritis: a sibpair
study.  Arthritis Rheum 2004, 50:805-810.
15. Hunter DJ, Snieder H, March L, Sambrook PN: Genetic contribu-
tion to cartilage volume in women: a classical twin study.
Rheumatology (Oxford) 2003, 42:1495-1500.
16. Wluka AE, Stuckey S, Snaddon J, Cicuttini FM: The determinants
of change in tibial cartilage volume in osteoarthritic knees.
Arthritis Rheum 2002, 46:2065-2072.
17. Manek NJ, Hart D, Spector TD, MacGregor AJ: The association
of body mass index and osteoarthritis of the knee joint: an
examination of genetic and environmental influences.  Arthritis
Rheum 2003, 48:1024-1029.
18. Withers RT, Davies GJ, Crouch RG: A comparison of three W170
protocols.  Eur J Appl Physiol Occup Physiol 1977, 37:123-128.
19. Jones G, Ding C, Scott F, Glisson M, Cicuttini F: Early radio-
graphic osteoarthritis is associated with substantial changes
in cartilage volume and tibial bone surface area in both males
and females.  Osteoarthritis Cartilage 2004, 12:169-174.
20. Cicuttini FM, Wluka AE, Stuckey SL: Tibial and femoral cartilage
changes in knee osteoarthritis.  Ann Rheum Dis 2001,
60:977-980.
21. Burgkart R, Glaser C, Hyhlik-Durr A, Englmeier KH, Reiser M, Eck-
stein F: Magnetic resonance imaging-based assessment of
cartilage loss in severe osteoarthritis: accuracy, precision, and
diagnostic value.  Arthritis Rheum 2001, 44:2072-2077.
22. Cicuttini FM, Jones G, Forbes A, Wluka AE: Rate of cartilage loss
at two years predicts subsequent total knee arthroplasty: a
prospective study.  Ann Rheum Dis 2004, 63:1124-1127.
23. Tessier JJ, Bowyer J, Brownrigg NJ, Peers IS, Westwood FR,
Waterton JC, Maciewicz RA: Characterisation of the guinea pigPage 7 of 8
(page number not for citation purposes)
Arthritis Research & Therapy    Vol 8 No 1    Ding et al.model of osteoarthritis by in vivo three-dimensional magnetic
resonance imaging.  Osteoarthritis Cartilage 2003, 11:845-853.
24. Zhai G, Ding C, Stankovich J, Cicuttini FM, Jones G: The genetic
contribution to longitudinal changes in knee structure and
muscle strength: a sibpair study.  Arthritis Rheum 2005,
52:2830-2834.
25. Ding C, Cicuttini F, Scott F, Cooley H, Jones G: Association
between age and knee structural change: a cross sectional
MRI based study.  Ann Rheum Dis 2005, 64:549-555.
26. Ding C, Cicuttini F, Scott F, Cooley H, Jones G: Knee structural
alteration and BMI: a cross-sectional study.  Obes Res 2005,
13:350-361.
27. Burr DB: The importance of subchondral bone in
osteoarthrosis.  Curr Opin Rheumatol 1998, 10:256-262.
28. Radin EL, Rose RM: Role of subchondral bone in the initiation
and progression of cartilage damage.  Clin Orthop Relat Res
1986, 213:34-40.
29. Ward DS, Trost SG, Felton G, Saunders R, Parsons MA, Dowda
M, Pate RR: Physical activity and physical fitness in African-
American girls with and without obesity.  Obes Res 1997,
5:572-577.
30. Jones G, Dwyer T: Bone mass in prepubertal children: gender
differences and the role of physical activity and sunlight
exposure.  J Clin Endocrinol Metab 1998, 83:4274-4279.Page 8 of 8
(page number not for citation purposes)
